The surface patterns called Bamboo-leaf type, Pine needle type and Hexagonal type appear at around 1350°C on the molten iron. These patterns are known to be used to examine the condition of the molten cast iron in a cupola. In this study, the developing mechanism of the surface patterns was examined.
Introduction
The furnace to melt cast iron used to be a cupola. As shown in Fig. 1 , bamboo-leaf, pine-needle, or hexagonal type of pattern appears on the surface of cupola-made molten iron as the temperature decreases. Sometimes the quality of molten iron was judged by these patterns.
Kusakawa writes about the surface patterns as follows in the Cupola Handbook published in 1957. When cooling and reaching below 1400°C, molten cast iron forms a thin oxide film over the part where the melt contacts with the atmosphere. Torn and drifting, the film forms various shapes, which is called a molten metal surface pattern. 1) Melt quality can be roughly judged by the patterns because the patterns differ depending on the temperature, chemical composition, oxidation degree, and capacity of the vessel.
Si content strongly affects the formation of the hexagonal pattern, which tends to appear when the melt contains Si within the range of approximately 1.62.4%. The pattern turns to bamboo-leaf type with lower silicon content, and disappears with more lower silicon content. In the same way, the pattern turns from bamboo-leaf to hexagonal type as carbon content increases. Contrary to C and Si, increase of Mn erases hexagonal pattern and turns to the pattern bamboo leaf. When melt contains large amount of P, kinds of glossy white spheres appear drifting on the pattern. With a small amount of elements such as Al and Cr contained in melt, the pattern disappears because the surface of the melt gets oxidized. In the relationship between patterns and surface area of melt surface, patterns become larger as surface area is larger while patterns could disappear if the surface area is small. 1) Ishino, the author of the Handbook on Melting Cast Iron of 1983, introduces a method to determine the patterns based on a questionnaire to approximately 50 foundries as follows. 2, 3) The patterns tend to appear at nearly 1350°C and disappear below 1200°C as the film thickens. On oxidized molten iron, the patterns do not appear at all, or unclear even if the patterns appear. Therefore this property is useful to determine oxidation degree of molten iron. The NIK method (Nihon Imono Kyokai method) provides that melt be poured into a green sand mold 50 mm in diameter and height and be judged at 13001350°C. Another method is to measure the time when the patterns appear using a stop watch. 2, 3) According to "the Handbook on Melting Cast Iron" of 1983, only one out of 38 cupola-style foundries answered that the patterns do not appear. On the other hand, 32 out of 47 foundries using a low-frequency induction furnace answered that the patterns do not appear while 15 answered that patterns appear. 2, 3) Madono explains in his paper published in 1957 that crystallization of tridymite makes the pattern hexagonal while crystallization of fayalite makes the pattern pine needles or bamboo leaves as seen in the FeO-SiO 2 phase diagram.
4) The view is based on his idea that the patterns are a phenomenon of atmosphere selectively oxidizing the surface of molten iron and forming oxide film.
In "Surface Patterns and Qualities of Molten Cast Iron" published by Fuji in 2001, the phenomenon is described as follows, in the same way as Madono's view. 5) Pressure of emitted gases and reactions of molten iron divide oxide film of FeO-SiO 2 cellularly. These cells form patterns, with newly generated, drifting, approaching, and combining with each other.
According to Saito, trouble could occur in cupola process melting materials which include large-sized iron scrap or thick iron slabs. 6) Sometimes ground metal does not finish B a m b o o -l e a f P i n e n e e d l e H e x a g o n 
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melting until the metal descends to the zone where oxidizing effects large. The melt tapped in this way is likely to form unclear patterns, emitting lots of sparks, and quickly cools down. Although Madono and Fuji tried to explain the patterns on the basis of pressure of emitted gases and reactions, the patterns may be simply defined as a result of liquid convection as well. There are three types of convections: (a) buoyant convection (natural/Bénard convection) which occurs due to density differences in liquid (affected by gravity) such as miso soup, (b) forced convection which occurs due to external force such as artificial circulation in an electric furnace, and (c) Marangoni convection which occurs due to differences in surface tension, regardless of gravity. Marangoni convection is characterized by its capability to form beautiful patterns, successively changing the shape little by little. Especially the relationship between Marangoni convection due to oxygen and sulfur and penetration depth in welding is well known and has been reported by numerous researchers.
710) Simulation is commonly run in welding field to calculate the force of Marangoni convection.
710)
However, patterns on the surface of molten cast iron rarely been researched. This research aims to reveal the formation mechanism of the patterns and what the mechanism means.
Experimental Method
We observed surface of melt with the temperature changed by heating (power on) and cooling (power off ) in a thyristorcontrolled high-frequency induction furnace (Output 50 kW and 3000 Hz, internal diameter of the furnace 200 mm, melting capacity 50 kg, refractory lining 23 mass%Al 2 O 3 and 73 mass%MgO (herein after referred to as %)). In this experiment, S and Si content were varied, based on the melt equivalent to FC300 (Fe-3.2%C-0.75%Mn-0.07%P). To investigate the effect of S, Fe-S was added to vary S content from 0.006 to 0.24% while Si content was set at 1.7%. We observed how the patterns of this melt developed as the temperature changed. In the same way, to investigate the effect of Si, Si content was varied from 0.05 to 3.5% while S content was set at 0.16%.
The relationship between melt quality and the patterns was investigated by adding Fe-Si inoculant (Fe-74%Si-1.6%Ca-0.98%Ba-0.51%Al) over the surface of melt held at 1350°C for 30 min. The inoculant amount was varied as 0%, 0.025%, 0.05%, and 0.3%. In this process, the relationship between graphitization ability and the patterns was examined by threecup thermal analysis which one of the authors developed 11) ® a method to measure graphitization ability from the cooling curves of three CE meters. The composition of the melt examined here was 3.2%C-1.7%Si-0.75%Mn-0.07%P-0.16%S.
To identify the substance of the patterns, air was blown on the patternless surface of melt at 1500°C and Ar gas on the patterned surface of melt at 1350°C.
An experiment was conducted to determine if patterns appear over the melt with oxide film of aluminum. The requirements for patterns to appear was investigated by varying S content within the range from 0.07 to 0.16%, as well as aluminum content of melt from 0.002 to 0.009%. Figure 2 shows the relationship between sulfur content and molten cast iron surface pattern (Decreasing temperature). In this experiment Si content of the melt is set at 1.7%. Figure 3 shows the relationship between sulfur content and molten cast iron surface pattern (Increasing temperature). Here, the surface patterns of heating experiment is added to Fig. 2 . The temperature range of forming patterns is higher in heating. Molten iron with S content of over 0.02% starts to form a pattern in both experiments, which develops in the order of bamboo-leaf, pine-needle, and hexagonal type as the S content increases. The molten iron has a strong tendency to form large bamboo leaves on the lower side and hexagonal on the higher side. Temperature range at which the patterns appear tends to widen as S content of the melt increases and the range is wider in heating. Unlike effect of Si as following describes, the temperature at which patterns disappear (or become invisible for a thick film covering the surface) is constant on the lower side regardless of S content. The result agrees with Ishino's view that patterns are particularly prone to appear at approximately 1350°C. 2, 3) From above, the reason why electric-furnace-made molten iron does not form patterns can be attributed to low S content. Figure 4 shows the relationship between silicon content and molten cast iron surface pattern (Decreasing temperature). In this experiment, S content of the melt is set at 0.16%. The melts with Si content of below 0.5% do not form a pattern, emitting sparks like that of a sparkler at 1400 1300°C. The sparks tend to become fierce as the temperature increases. In cooling, molten iron with over 0.5% Si forms the patterns. As Si content increases, the pattern develops in the order of bamboo leaves, large hexagons, and small hexagons. Also as Si content increases, the temperature range at which the patterns appear widens. Figure 5 shows the relationship between silicon content and molten cast iron surface pattern (Increasing temperature). In heating, molten iron with below 0.5% Si does not form a pattern, emitting sparkler-like sparks. Although adding a small amount of Fe-75% Si while heating damps down the sparks temporally, the melt starts to emit sparks again as time passes. In the same way as the cooling experiment (Fig. 4) , in the heating experiment, melt over 0.5% Si forms the patterns. As Si content increases, the pattern develops in the order of bamboo leaves, pine needles, and hexagons. Also the temperature range at which patterns appear is higher in heating than in cooling. Similar to S, near 1350°C is the best temperature range for melt containing silicon to form patterns. Figure 6 shows the relationship among the surface pattern, graphitization ability (GA), and inoculation amount (IA). As graphitization ability becomes higher, in other words, as the quality of iron improves, the pattern develops in the order of bamboo leaves, pine needles, and fine hexagons. The result agrees with the empirically-based saying.
The Results of the Experiments

Effect of S
Effect of silicon
Relationship between quality and surface patterns of molten iron
Identification of SiO 2 by blowing air and Ar
As shown in Fig. 7 , a pattern suddenly appears when air is blown on the patternless melt surface at 1500°C. Hexagons at the point of the nozzle, are characterized to be fine. C is oxidized preferentially, as the reaction of SiO 2 + 2C = Si + 2CO proceeds from the left side to the right side in the higher temperature range. In this condition, the appearance of a pattern on the part where air is blown means that patterns are made from SiO2. Si is forcibly oxidized due to oxygen provided by the air (or due to decrease in the temperature of the melt surface). When air flow stops the pattern disappears again. Figure 8 is the picture of patterned melt surface being blown with Ar gas. The pattern disappears at the part where Ar gas is blown. This means that patterns are not formed without oxygen supply. The patterns are consequence of the formation of SiO 2 film in the reaction in cast iron, SiO 2 + 2C = Si + 2CO.
Relationship between Al and S content in the surface
pattern formation Figure 9 shows the relationship between Al and S content in the surface pattern formation. As mentioned in the introduction, it is confirmed that molten iron containing large amount of Al tends not to form patterns. 1) This is because oxide film of aluminum covers the whole surface of the melt and prevents the pattern formation. Also the minimum S content to form patterns is calculated from data at approximately 0.02%. It agrees well with the S value at which the patterns start to appear shown in Fig. 1 and Fig. 2. 
Discussion
The relationship between equilibrium temperature
and patterns The following formula shows a reaction in molten cast iron with high C and Si content:
The experimental results will be discussed according to this formula. First, molten iron with silicon content of below 0.5% emits sparks and does not form a pattern. The reason is because iron with too little silicon content, instead of producing SiO 2 , reacts as 2C + O 2 = 2CO and emits sparks due to the CO gas. Based on our experience, heating such low-Si molten iron as to emit sparks leads to a dangerous situation, where the molten metal swells and overflows the furnace. We determine it is the result of SiO 2 -forming reaction that adding Fe-75%Si damps down the sparks. The reason why the temperature range at which patterns appear widens with increasing silicon content can be explained as follows. Figure 10 shows the relationship between equilibrium temperature and C and Si content in the reaction SiO 2 + 2C = Si + 2CO. 12) As can be seen from the graph, when C content is set at 3.2%, equilibrium temperature in the reaction illustrated with the formula (1) rises as Si content increases. This is why the temperature on the higher side at which patterns appear rises as Si content increases.
The phenomenon that the temperature at which patterns appear (in other words, the temperature at which patterns disappear for a thick oxide film) on the lower side decreases can be explained as follows. From Fig. 5 , for example, the temperature at which patterns appear in heating decreases by approximately 110°C as Si content increases by 3%. As 3.0% Si equals to 1.0% as carbon equivalent, the liquidus-line temperature drops by approximately 110°C. As both temperatures correspond with each other, we determined that the temperature at which patterns appear on the lower side has a strong connection with the liquidus-line temperature of the melt. From above, in the method of timing how long patterns stay with a stopwatch, as mentioned in the introduction, you might be surveying by mistake the changes in primary crystallization temperature with C and Si content. As for Madono's view regarding the patterns as mixture of FeOSiO 2 is correct in terms of the film which covers the whole surface of melt on the lower side. However, it is difficult to prove that FeO is produced in the molten cast iron which forms patterns in terms of free energy of formation, because SiO 2 + 2C = Si + 2CO is the only reaction conceivable in high-carbon and high-silicon molten cast iron.
Visualization by difference in radiation rate
Radiation rate differs greatly between molten iron and SiO 2 film. As shown in Fig. 11 , the radiation rate of melt is 0.30.4. On the other hand, radiation rate of an oxide is approximately as high as 0.95 « 0.03. SiO 2 is also expected to be over 0.9.
13) Therefore, the melt part looks darker while the SiO 2 part looks brighter even at the same temperature. The difference in radiation rate varies the tone of the surface, visualizing the patterns.
Marangoni convection
If the patterns are attributed to SiO 2 of melt surface, some kind of convection is expected to be occurring near the melt surface.
The conceivable convections which occur near surface are following three: (a) density convection, (b) forced convection, and (c) Marangoni convection. Density convection (a) is a convection generated by density differences such as convections caused by heat and solute. Density convection requires gravity to occur. Forced convection (b) is a convection generated by external force (in this case, air circulation in an electric furnace). On the other hand, Marangoni convection (c) is a convection generated by variations in surface tension, regardless of gravity. We thought this convection affects strongly on the pattern formation.
Effect of sulfur on Marangoni convection
Sulfur is known to reduce surface tension, absorbing to melt surface. Figure 12 shows effect of sulfur on surface tension of Fe-C alloy.
14) Sulfur segregation on surface or locally inhomogeneous temperature of surface causes the inhomogeneous surface tension, which leads to Marangoni convection. However it is not sufficient to explain the complicated mechanism of the pattern formation.
Temperature dependence of surface tension and
Marangoni convection Increase in sulfur content changes temperature dependence of surface tension. Figure 13 shows calculated changes in temperature dependence of surface tension of 18-18 stainless steel caused by S content. 15) Stainless steel with low sulfur content has high surface tension on the lower side temperature and decreases on the higher side temperature (AB). It is a common phenomenon that surface tension decreases as temperature goes up.
In contrast, increase in sulfur content greatly reduces surface tension on the lower side (AD) while it does not cause a notable change on the higher side (BC). High sulfur content creates a clear inflection point in the relationship between temperature and surface tension.
As shown in Fig. 14 , Marangoni convection varies according to temperature gradients of surface tension, which is classified in three types: (a) negative, (b) positive, and (c) with an inflection point. It is well known in welding field that form of bead depth varies due to the type of Marangoni convection. 7) When temperature gradient is negative or positive, patterns simply spread over the size of the vessel. In contrast, when there is an inflection point in temperaturegradient line, convection occurs within a small range and the current becomes complicated. In other words, complicated patterns are caused by an occurrence of Marangoni convection, due to S content of molten iron which creates an inflection point in temperature dependence of surface tension.
Oxygen, known as a surface-active element as well as sulfur, is also thought to be a factor which effects Marangoni convection. 10) Temperature gradient of surface tension changes when melt has a high oxygen content, while the temperature gradient becomes negative when melt has a low content of oxygen. Although effect of oxygen on surface tension is observable, there are many obscure points about effect on the patterns. In our view, one of the reasons why inoculation changes the patterns is because of this phenomenon.
Cupola and electric furnace
Those experimental results reveal why only cupola-made molten iron has been said to form surface patterns. S in molten iron causes a change in temperature dependence of surface tension. This change varies the current flows of Marangoni convection, which is visualized by difference in radiant rate between the melt and SiO 2 . Thus the convection appears as patterns in our eyes. Cupola-made molten iron forms patterns as sulfur (contained) in coke gets mixed into the melt. On the other hand, Marangoni convection is not generated in electric-furnace-made molten iron because the melt does not have a source of sulfur. The patterns do not appear unless sulfur is added deliberately. The exception that electric-furnace melt formed a pattern may be because sulfur was contained in molten gray cast iron. Therefore, even electric-furnace melt can form patterns as long as the melt contains over 0.5% silicon, over 0.02% sulfur, and aluminum within the limits.
One of the reasons why cupola melt tends to form patterns is its low aluminum content. Melt passes through bed coke, taking the form of drops which have a large surface area. This process reduces aluminum content because aluminum is oxidized and removed from the melt. 16) On the other hand, electric-furnace melt tends to contain high aluminum as the furnace does not refine metal.
The problem that patterns disappear for early cooling, as Saito writes, is caused by decrease in carbon and silicon content.
Conclusion
Molten metal surface patterns are a phenomenon which occurs when SiO 2 film is formed as a result of the reaction, SiO 2 + 2C = Si + 2CO. The difference in radiation rate between SiO 2 and melt makes the patterns visible to our eyes. S content of over 0.02% reduces surface tension and creates an inflection point in temperature dependence of surface tension. Thus the complicated current flows of Marangoni convection occur, forming the patterns. Therefore, the requirement for pattern formation is that iron contains over 0.02% S, over 0.5% Si, and appropriate amount of C, and forms SiO2 film.
Melt quality improves in the order of bamboo-leaf, pineneedle, and hexagonal type of pattern. Further inoculation makes the hexagons finer. If melt contains the same amount of S, the patterns also appear in an electric furnace operation as well as in a cupola operation.
Our experiment proved the validity of the previous theory that melt quality improves in the order of bamboo-leaf, pineneedle, and hexagonal type, and that the quality improves as the hexagons are smaller. Also patterns become finer as the temperature of the iron is higher while patterns become larger as the temperature is lower, of which the cause is unidentified.
The reason why only cupola-made molten iron forms the patterns is because S derived from coke generates Marangoni convection. In a word, electric-furnace melt also forms the patterns if the requirements are met. 
